Local mass and heat transfer measurements on a simulated high-pressure turbine blade-tip surface are conducted in a linear cascade with a nonmoving tip endwall, using a naphthalene sublimation technique. The effects of tip clearance (0.86-6.90% of chord) are investigated at various exit Reynolds numbers (4-7 × 10 5 ) and turbulence intensities (0.2 and 12.0%).
a 1% clearance of blade height can cause a 1-2% decrease in turbine stage efficiency (Booth et al., 1982) . In addition, the tip leakage flow and its interaction with the main passage flow and secondary flows can increase heat transfer on the turbine blade surface near the tip, leading to high surface temperatures in regions near the blade tip, diminishing the structural durability of the blades (Mayle and Metzger, 1982) .
Experimental studies have already been conducted to understand the tip leakage flow in turbine cascades, including flow visualization and measurement of static pressure and loss coefficients inside the tip clearance and blade passage in turbine cascades (Bindon, 1987; Kang and Hirsch, 1993; Moore and Tilton, 1988; Sjolander and Amrud, 1987; Yamamoto, 1988) .
Though the effects of tip leakage flow on turbine blade heat transfer have been investigated, most studies have been conducted in idealized experimental conditions (on a flat plate or in rectangular cavities). Not many detailed local heat-transfer measurements on turbine blade tip surfaces and near-tip surfaces are available in the open literature.
The effect of leakage flow on turbine blade heat transfer was not emphasized until the paper of Mayle and Metzger (1982) . Heat-transfer experiments were conducted on a flat surface with a moving wall provided by the rim surface of a rotating disk. Their results were in good agreement with the Colburn equation. Chyu and colleagues (1988) and Metzger and colleagues (1989) experimentally investigated mass and heat transfer in turbulent flow over shrouded rectangular cavities, using naphthalene sublimation technique and thermal surface coatings, respectively, to simulate the heat transfer at the tip region of grooved rotor blades.
The effects of sink flow (into the gap between tip and casing) on the blade pressure side, and of source flow on the blade suction side on turbine blade heat transfer were studied by Metzger and Rued (1989) and Rued and Metzger (1989) in a water tunnel. The heat-transfer measurements showed that the leakage generates large localized heat-transfer rates near the gap because of the strong acceleration in the sink flow. Even higher local heattransfer rates are found in the source flow, though a different mechanism-the presence of a small but intensive vortex at the gap edge-is involved. 82 P. JIN AND R. J. GOLDSTEIN Metzger and colleagues (1991) proposed a simple model to describe the flow over an axial turbine blade tip and the adjacent stationary shroud using the Dittus-Boelter fully developed ductflow correlation together with an augmentation factor of 2.3 to account for the entry flow effect inside the tip. Film-cooled turbine blade-tip heat transfer and effectiveness were investigated by Kim and Metzger (1995) and Kim and colleagues (1995) on a simulated blade tip surface downstream of a single line of filmcooling injection sites using a transient thermal liquid crystal test.
More recently, Bunker and colleagues (1999) investigated the heat transfer and flow on the first-stage blade tip of a power generation gas turbine and provided full surface information on heat-transfer coefficients with pressure distribution on the blade tip and shroud for sharp-edge, radius-edge, and different clearances and freestream turbulence levels. The flow and heat transfer on the first-stage blade tip of an aircraft gas turbine was studied by Teng and colleagues (2000) and Azad and colleagues (2000) using a transient liquid crystal technique.
In this study, mass-and heat-transfer coefficients from a highpressure turbine blade tip in a linear cascade with tip clearance were measured by using a naphthalene sublimation technique. Use of heat and mass transfer provides information about the equivalent heat-transfer situation.
MATERIALS AND METHODS
The naphthalene sublimation technique is a well-established method that, with the mass-and heat-transfer analogy, makes it possible to obtain detailed data concerning the local transfer of mass and heat on complex surfaces. The naphthalene sublimation method and the heat and mass-transfer analogy were reviewed by Goldstein and Cho (1995) . Goldstein and Spores (1988) used a local mass-transfer technique to obtain much greater detail about the convection process for the secondary flows in a turbine cascade. Goldstein and colleagues (1995) and Wang (1999) used naphthalene sublimation to investigate the effects of a high freestream turbulence level, length scale, and mainstream Reynolds number on convective transport from a turbine blade.
To summarize: the naphthalene sublimation technique can be used to determine the convective component of heat transfer with the absence of wall conduction and radiation errors. A masstransfer problem can be converted to a heat-transfer problem under the equivalent boundary conditions by using the massand heat-transfer analogy. Thus, the mass-transfer coefficient can be obtained from
A dimensionless mass-transfer coefficient, the Sherwood number (Sh), which is similar to the heat-transfer Nusselt number, is often used for the comparison of results. A multipurpose blowing type of wind tunnel in the Heat Transfer Laboratory at the University of Minnesota was employed in the study. Air drawn through a filter by a 22.4 kW blower arrived at the test section through a square contraction nozzle with an area ratio of 6.25 and an exit area of 45.7 × 45.7 cm 2 . The test section, as shown in Figure 1 , was connected to the exit of the contraction of the wind tunnel. The linear turbine cascade consisted of five 45.7 cm high-pressure turbine rotor blades made of aluminum and having a central blade configuration. The top wall simulated the casing of the turbine, which was stationary relative to the blades in this study. The effects of a relative moving-tip endwall on the leakage flow has been found by some previous studies to be limited to a very thin endwall boundary and will be accounted for in future investigations. The space between the three middle blades and the tip endwall formed the blade tip clearance, which could be varied by adding aluminum spacers with varying thicknesses between the blades and the bottom wall. The tip clearances employed in this study were 0.86%, 1.72%, 3.45%, and 6.90% of the chord length, C. The profile of the high-performance turbine blade and the geometry are shown in Figure 2a . The space between the bleeds and the outside blades as well as the orientation of the tailboards (see Figure 1 ) were adjustable so spatially periodic flows could be obtained in the blade passages. Balancing the cascade was achieved by comparing the static pressure obtained from a special pressure-measurement blade at the positions of the three middle blades with data from an inviscid flow solution. The established periodic flows in the blade passages are shown in Figure 2b .
A specially designed mold and modified casting procedures were employed to create a naphthalene blade with smooth naphthalene-covered surfaces, including the tip surface. To obtain a smooth naphthalene-cast profile, care had to be taken to control the temperature of the mold during casting. Previously calibrated T-type thermocouples were integrated with a GPIB card, enabling a Linux workstation to facilitate temperature measurements in the system, including the ambient temperature and the air-flow and naphthalene-surface temperatures. Pressures were measured by a pitot tube that was inserted at the incoming flow-measurement plane, as shown in Figure 1 . The dynamic pressure and static pressure of the mainstream velocity were obtained by a micromanometer and a manometer, respectively. The depth change of the surfaces of the naphthalene blade during the test was measured by an automated four-axis data acquisition system developed in the Heat Transfer Laboratory at the University of Minnesota (Goldstein and Cho 1995) .
The uncertainty in naphthalene surface temperature measurement was 0.09% in absolute temperature, with 95% confidence level. The uncertainty in mainstream velocity was 1.0%; in the naphthalene sublimation depth measurement, it was 0.80%,
FIGURE 1
Planview of the test section.
which includes the error of repositioning the LVDT gauge. The uncertainties in the mass-transfer coefficient and the Sh, at 95% confidence level, were 5.7% and 7.6%, respectively. The errors were caused mainly by the uncertainty in the properties of naphthalene. The naphthalene loss due to natural convection was estimated and included in the above uncertainty analysis. The experimental system and procedures have been described in detail by Jin (2000) .
The turbulent boundary layer characteristics established downstream of the trip wire were measured at three different locations on the measurement plane 1 (X/C x = −1.6 and see Figure 1 ) at a distance of a half pitch from each other on the tip endwall, using a single-sensor hot-wire probe. The integrated displacement thickness and shape factor were 1.7 mm and 1.38, respectively; the displacement thickness was typical of that in a gas turbine engine (1% of chord). For a typical sublimation depth of 60 µm, the effect of a thinner naphthalene wall on the boundary layer thickness (of order of 10 mm) can be neglected. The thickness of the naphthalene vapor boundary layer on the tip surface is considered thin relative to the smallest tip clearance because it has been found in previous studies that the leakage flow consists mainly of a inviscid core and a thin boundary layer on the tip, and the Schmidt number for the naphthalene vapor is larger than unity.
RESULTS AND DISCUSSION
The measurements were conducted in the blade chord coordinates (x and y), as shown in Figure 3a . The dots in the figure are the positions at which the measurements took place, and they are aligned in lines parallel to the y/C direction. In subsequent sections, the local distributions of the Sherwood number are presented in the blade chord coordinates, starting from the edge of the naphthalene surface (y o ) along the pressure side of the blade. For contour plots, the blade chord coordinate was converted to the axial coordinates (X and Y), as shown in Figure 3b . It is to be noted that the incoming flow to the cascade was at 35 degrees to the X direction and was roughly aligned with the dotted lines on the tip surface. However, the leakage flow in the tip clearance was complicated and may not have fallen along the dotted lines at which the mass-transfer coefficients were measured. Indeed, information from the measured mass transfer was analyzed to interpret the flow as well as mass and heat transfer on the tip surface.
Effects of Tip Clearance
To better understand the effects of tip clearance, static pressure measurements from a row of pressure taps that were 2.2 cm (12% C) away from the blade tip are presented in Figure 4 . The difference) from the tip clearance can be clearly found in the plot. From the leading edge up to S/C ≈ 0.5, the blade loading (i.e., the pressure difference) decreased with increase of tip clearance. In effect, very close to the leading edge (S/C < 0.05), the loading for the two largest tip clearances became negative, indicating that there may have been leakage flowing into (instead of out of) the tip clearance from the suction side. The loading decreased substantially for all the tip clearances in the second half of the blade, especially on the suction side, probably due to the presence of leakage vortex near the suction side of the tip. The effects of tip clearance on the mass transfer on the tip surface are shown in the contour plots of Figure 5 at Re = 5.8 × 10 5 and Tu = 0.2%. At a tip clearance t/C = 0.86%, high masstransfer rates occurred very close to the pressure edge of the tip FIGURE 4 C ps near the blade tip for various tip clearances. surface, especially around the mid-chord of the surface, where the Sh number descended from a value of 9500 at the pressure edge to about 3500 at the suction side. For a tip clearance of 1.72%C, the high mass-transfer rates still existed near the pressure edge of the tip, with peak values a small distance from the pressure edge, particularly on the second half of the tip surface (X/C x > 0.5). These peaks probably resulted from the reattachment of the leakage flow after a separation bubble near the pressure edge. A low mass-transfer zone appeared on the first half of the tip surface (X/C x < 0.5) near the leading edge, which was perhaps caused by the relatively small leakage flow passing through that area. There were small peaks of high mass transfer on the first half of the tip and near the pressure edge, forming irregular mass-transfer patterns, which may indicate that the local leakage flow was not uniform.
At a higher tip clearance, t/C = 3.45%, high mass-transfer peaks occurred near the pressure edge and moved farther away from the pressure side and the leading edge, while the low masstransfer region increased in size on the first half of the tip surface, probably because of the leakage flow coming from the suction side of the leading edge ( Figure 5 ). For the largest tip clearance, 6.90%C, the high mass transfer peaks appeared on the second half of the tip and close to the suction edge. At the mid-chord surface (X/C x = 0.6), low mass-transfer is caused, perhaps, by the reverse flow occurring there. The low mass-transfer region affected by the leakage flow from the suction side of the leading edge became larger in size and extended to the second half of the tip surface at this highest tip clearance.
Local Sh versus (y − y o )/C at various x/C locations are plotted in Figures 6 and 7 for differing tip clearances. For t/C = 0.86%, maximum mass-transfer rates always occurred at the start of the naphthalene surface (y − y o = 0), very close to the pressure-side edge for all x/C locations, showing that the leakage flow separated and reattached on the tip surface immediately at the pressure-side edge of the tip or did not separate at all. At tip clearance of 1.72%C, mass-transfer peaks existed at a small distance ((y − y o ) ≈ 0.02C) from the start of the naphthalene surface for all x/C locations, perhaps indicating that the leakage flow reattached over a separation bubble close to the pressure-side edge of the tip. For the two largest tip clearances, the peaks of the mass-transfer Sh move farther away from the pressure edge and toward the suction side, upstream of x/C = 0.46, showing perhaps a larger separation bubble on the first half of the tip surface. The reason the lowest Sh occurred around (y − y o ) = 0.03C from x/C = 0.16 to x/C = 0.31 for the largest tip clearance was not clear. After x/C = 0.46, the separation bubble was perhaps large enough to cover the whole tip, with peaks of mass transfer near the suction edge of the tip.
The same local Sh at different x/C locations are plotted in Figure 8 against (y − y o )/t, at various tip clearances. For x/C > 0.42, the peaks of the local mass transfer occur at about
FIGURE 9
Average Sh on the tip surface. 2t for almost all x/C locations and at all clearances, indicating the similarity of the leakage flow.
In summary: for the smallest tip clearance of 0.86%C, the entrance flow effect of the leakage flow on the mass transfer is quite clear, with the maximum at the leakage flow entrance being three to four times as high as that farther downstream. For larger tip clearances, this entrance flow effect was also evident, but weaker. For the two largest tip clearances, the separation bubble was so big in the second half of the tip surface that it covered the whole tip.
The Sh averaged in y direction versus x/C is plotted in Figure  9 . The averaged mass transfer rate for t/C = 1.72% was higher than that for t/C = 0.86%. A similar result was obtained by Teng and colleagues (2000) and Azad and colleagues (2000) and can be explained by the combined effects of the shear flow and total leakage flow rate inside the tip clearance. For the two largest tip clearance, the first peak near the leading edge (x/C = 0) was perhaps due to the high mass transfer on the suction edge of the leading edge, where leakage entered from the suction side at the high tip clearances, while the valleys around x/C = 0.5 were caused by the separation and reverse flow. The localized peak around x/C = 0.4 for all cases was an artifact caused by measurement error near the injection hole of the naphthalene casting.
To obtain an overall sense of those effects, the surfaceaveraged mass-transfer Sh is presented in Table 1 . The mass transfer, Sh, on the pressure and the suction surfaces, based on Jin (2000) , are averaged over the length of the blade chord, starting from the tip. In Table 1 , it can be seen that surfaceaveraged mass transfer, Sh, was about four and six times as high on the tip surface as on the suction and the pressure surfaces, respectively. The tip surface-averaged Sh is also comparable to the Nu numbers calculated from the literature, as listed in Table 2 .
Effects of Mainstream Re Number and Turbulence
At a given tip clearance, t/C = 0.86%, the effects of mainstream Re and Tu were investigated. The local mass transfer Sh/Re Re ex = 2.57 × 10 6 ; Tu = 9%; C = 14.9 cm. Note: Data are from Bunker and colleagues (1999) . of mass transfer occur at a small distance downstream of the start of the naphthalene surface on the tip. The data collapse to one curve after (y − y o ) = 5 for all cases with different Reynolds numbers at almost all x/C locations, which suggests that though the leakage flow may have a laminar separation due to the large acceleration rate at the inlet of the clearance, the leakage flow after reattachment is turbulent inside the small tip clearance of (0.86%C).
Averaged Sh along x/C for varying Reynolds numbers and turbulence levels are shown in Figure 12 . As stated earlier, the higher the mainstream Reynolds number, the higher the average mass transfer rates on the tip surface. The high mainstream turbulence intensity suppresses the mass transfer rate on the tip surface compared with the lower turbulence level at a similar mainstream exit Reynolds number.
CONCLUSIONS
In this study, local mass-transfer measurements from a simulated high-pressure turbine blade-tip surface were performed using the naphthalene sublimation technique. The experiments were conducted in a linear cascade consisting of five highpressure blades with tip clearances. There was no relative movement between the tip endwall and the blade tip. The Reynolds number was similar to that in a gas turbine engine environment (δ 1 /C = 0.01), with an exit Reynolds number of about 5.8×10
5 . The effects of tip clearance, the mainstream Reynolds number, and the turbulence intensity were investigated. The following conclusions can be drawn from the study:
1. The entrance flow effect induces mass-transfer rates three to four times larger than those along the pressure edge of the tip surface at the smallest tip clearance of 0.86%C. It was also found that the leakage flow after reattachment was turbulent. 2. As the tip clearance increased the peaks of the mass transfer moved away from the pressure edge due to the larger separation bubble near the pressure edge. At the two largest tip clearances, the separation bubble could cover the whole width of the tip on the second half of the tip surface (X/C > 0.5). 3. A low mass-transfer region on the first half of the tip was caused by a low leakage flow rate at small tip clearances, while at large tip clearances, the similar low mass-transfer region was induced by leakage flow from the suction side. 4. The average mass transfer rate is highest at a tip clearance of 1.72%C. The averaged mass-transfer rate on the tip surface was four and six times higher than on the suction and the pressure surfaces, respectively. 5. A high mainstream turbulence level of 12.0% reduces average mass-transfer rates somewhat on the tip surfaces, while a higher mainstream Reynolds number causes higher local and average mass-transfer rates on the tip surfaces.
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Local Sh/Re 0.8 t on the tip surface at t/C = 0.86%.
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Local Sh/Re 0.8
FIGURE 12
Average Sh on the tip surface at t/C = 0.86%.
NOMENCLATURE

C
Chord of blade = 18.4 cm in this study C x Axial chord of blade = 13.0 cm in this study C ps Static-pressure Naphthalene vapor density at wall
